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BACKGROUND. Increased SARS-CoV-2 reinfection rates have been reported recently, with some
locations basing reinfection on a second positive PCR test at least 90 days after initial infection. In
this study, we used Johns Hopkins SARS-CoV-2 genomic surveillance data to evaluate the frequency
of sequencing-validated, confirmed, and inferred reinfections between March 2020 and July 2022.

METHODS. Patients who had 2 or more positive SARS-CoV-2 tests in our system, with samples
sequenced as a part of our surveillance efforts, were identified as the cohort for our study. SARS-
CoV-2 genomes of patients’ initial and later samples were compared.

RESULTS. A total of 755 patients (920 samples) had a positive test at least 90 days after the initial
test, with a median time between tests of 377 days. Sequencing was attempted on 231 samples and
was successful in 127. Rates of successful sequencing spiked during the Omicron surge; there was a
higher median number of days from initial infection in these cases compared with those with failed
sequences. A total of 122 (98%) patients showed evidence of reinfection; 45 of these patients had
sequence-validated reinfection and 77 had inferred reinfections (later sequencing showed a clade
that was not circulating when the patient was initially infected). Of the 45 patients with sequence-
validated reinfections, 43 (96%) had reinfections that were caused by the Omicron variant, 41
(91%) were symptomatic, 32 (71%) were vaccinated prior to the second infection, 6 (13%) were
immunosuppressed, and only 2 (4%) were hospitalized.

CONCLUSION. Sequence-validated reinfections increased with the Omicron surge but were generally
associated with mild infections.

FUNDING. Funding was provided by the Johns Hopkins Center of Excellence in Influenza Research
and Surveillance (HHSN272201400007C), CDC (75D30121C11061), Johns Hopkins University
President’s Fund Research Response, Johns Hopkins Department of Pathology, and the Maryland
Department of Health.

Introduction

The Omicron variant of SARS-CoV-2 quickly displaced Delta to become the most predominant variant by
the end of December 2021 (1). The factors that contributed to the unprecedented success of Omicron are not
completely understood, but immune evasion is the most likely (2—7). Some reports showed a decrease in anti-
body neutralization to Omicron in both vaccinated and previously infected individuals (8, 9). Additionally,
large increases in the rates of breakthrough cases and reinfection with the Omicron variant were reported (10,
11). In most cases of reinfections, sequencing data was not available to validate these findings. Thus, reinfec-
tions have generally been suspected in cases with a positive PCR test more than 90 days after the original pos-
itive PCR test in asymptomatic individuals or 45 days after initial infection in symptomatic individuals (12).
There are potential issues with this approach, as prolonged shedding of RNA and prolonged active infection
are both well documented (13, 14) and can last longer than 90 days (15). It is, therefore, unclear in these cases
whether the positive result could be due to prolonged shedding, repeat infection, or erroneous PCR results.
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We previously reported infrequent cases of sequence-validated reinfections and a few instances in
which positivity over 90 days was consistent with persistence of the genome from the initial infection (15,
16) using data prior to the Omicron surge. In this study, we evaluated SARS-CoV-2 genomes of individuals
who tested positive at least 90 days after an initial positive test to determine the frequency of reinfections.
‘We further characterize vaccination status, age, immune status, and outcomes in patients with sequence-val-
idated reinfections, along with time from initial infection and dates at which reinfections took place.

Results

Reinfections spiked during December 2021. We Identified 755 patients with 2 positive SARS-CoV-2 tests at least
90 days apart. Within this cohort of patients, we identified 920 positive tests for SARS-CoV-2 at least 90 days
from the initial infection. The second positive test occurred between 91 and 672 days after the initial test, with
amedian of 377 days and a peak approximately 1 year from the initial test (Figure 1A). Initial tests in patients
who would later have a post-90-day—positive test were primarily from March to May of 2020 and the winter
of 2020/2021, whereas the post-90-day—positive samples were largely collected in late 2021 and early 2022,
when Omicron was the dominant variant (Figure 1B). We had attempted sequencing on 231 (25.1%) of the
post—90-day—positive samples through our surveillance sequencing efforts, of which 127 whole genomes were
recovered from 124 patients. Prior to the Omicron surge, sequencing samples of possible reinfection was only
rarely successful. Median time in days from initial positive to post-90-day—positive test was higher in success-
fully sequenced samples at 398 days compared with 276 days in samples that failed sequencing (P < 0.0005,
Welch’s ¢ test) (Figure 1, A and C). While the number of samples that could not be sequenced in the group
of post-90-day—positive samples did increase along with increased testing toward the end of 2021, this was
a small increase compared with the large increase in successfully sequenced isolates after 90 days starting in
December of 2021 (Figure 1D).

Of these patients, 45 (36.3%) had sequence-validated reinfection based on identification of 2
high-quality genomes from different time periods that matched to different clades (Figure 1E and Sup-
plemental Table 1; supplemental material available online with this article; https://doi.org/10.1172/
jei.insight.162007DS1). Additionally, we identified another 77 (62.1%) patients with a high-quality
genome in a post—90-day—positive sample matched to a clade that did not circulate in this geographical
area when the patient was initially infected, and thus, we could infer reinfection in these patients (Sup-
plemental Table 2). Therefore, within this cohort, 122 (98.4%) of the patients that had a virus that could
be sequenced in the post—90-day—positive samples showed evidence of reinfection, compared with only
2 (1.6%) patients, who showed evidence of persistent infection. The median age of reinfected patients
was 35 years, whereas the age for patients with persistence was 52 years (Figure 1F). Patients with
post—90-day—positive tests who showed persistence of the initial genome showed a range from initial
sample to post—90-day sample of between 111 and 195 days. For sequence-validated reinfections, the
range was 98-646 days, with a median of 359 days (Figure 1G). There were no sequence-validated or
inferred reinfections prior to the emergence of Delta. During the Delta wave, July to November 2021,
reinfections were observed on a low but consistent basis, before they increased several folds during the
Omicron surge (Figure 1H). Children were underrepresented in the reinfection cohort; the percentage
of pediatric patients in the reinfection group was disproportionately low compared with the percentage
of Omicron samples that came from pediatric patients (5% compared with 18%, P = 0.004, y* test) (Sup-
plemental Figure 1A). Notably, the failure rate of sequencing was much higher in pediatrics patients
in the post—90-day—positive samples (Supplemental Figure 1B). There were more than 4 times as many
female patients with sequence-validated reinfections than male patients in this study (34 female com-
pared with 8 male patients) (Figure 1I). Post-90-day—positive samples from female patients made up
approximately twice as many of those from male patients (560 samples from female patients compared
to 320 samples from male patients) (Supplemental Figure 1C), and a higher percentage of samples from
female patients was successfully sequenced compared with those from male patients, but this was not
statistically significant (P = 0.19, x* test) (Supplemental Figure 1D).

Reinfections are primarily caused by the Omicron variant and occur in patients who have been vaccinated and are
otherwise healthy. Equivalent Delta and Omicron sequences were characterized through our SARS-CoV-2
surveillance initiative (as of the time of writing this manuscript), with Omicron accounting for 29.7%
(3282) of total high-quality genomes compared with 26.3% (2914) Delta. In contrast, Omicron samples
have accounted for 95% of the reinfection cases, and Delta has accounted for 5% (Figure 2, A and B).
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Figure 1. Repeat positive SARS-CoV-2 tests greater than 90 days apart. (A) Kernel density estimator (KDE) plot showing the days from initial positive
test. Color indicates whether sequencing was attempted or successful (gray, not attempted; blue, pass; red, fail) (n = 920 samples). (B) KDE plot of date

of initial positive and post-90-day-positive tests (n of post-90-day positive = 920). (C) Number of tests that failed sequencing or provided high-quality
genomes (n = 231). (D) KDE plot showing sample collection dates of sequences that failed or provided high-quality genomes (n = 920). (E) Bar plot showing
persistence of initial genomes, inferred reinfection, or sequence-confirmed reinfection (n = 124 patients). (F) Violin plot showing age and reinfection

status in individuals with a post-90-day-positive test. (G) Bar plot showing days from initial positive test to post-90-day-positive test. Color represents
reinfection status (n = 127 samples). (H) Bar plot showing sample collection date of post-90-day-positive tests. Color represents reinfection status (n = 127
samples). (1) Bar plot showing sex and reinfection status.

The initial infections in patients who ultimately had reinfections were caused by all of the major clades

that circulated prior to Omicron (Figure 2C). Thirty-two of the patients with sequence-validated reinfec-

tions were known to be vaccinated prior to reinfection (Figure 2D), and 12 were known to be unvaccinat-

ed. Most patients were symptomatic, whether they were vaccinated or not. The median age was similar

between unvaccinated (33 years) and vaccinated patients (36.5 years, respectively) (P = 0.24, y? test;
Figure 2E). The median days between infection and reinfection was also similar between vaccinated and
unvaccinated patients (321 days and 368 days, respectively) (P = 0.2, Welch'’s ¢ test; Figure 2F). Finally,
7 patients had some form of immunosuppression, and the median age of immunosuppressed reinfected
patients was higher compared with nonsuppressed patients (44 and 34 years, respectively), though this
was not statistically significant (P = 0.2, y? test; Figure 2, G and H). The mean days to reinfection for

immunosuppressed patients was similar to that for nonsuppressed patients, at 344 days and 359 days,
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respectively (P = 0.09, Welch’s ¢ test; Figure 2I). Of the 45 patients with sequence-validated reinfections,
43 were treated in an outpatient setting, and 2 were hospitalized. The 2 hospitalized patients had under-
lying conditions contributing to the hospitalization.

Discussion

As several different groups have noted an increase in the number of reinfections with the Omicron surge
based on a second positive test more than 90 days from initial positive test, we used sequencing data to
evaluate SARS-CoV-2 genomes of patients who met these criteria at the Johns Hopkins System. We noted
a large increase in post—90-day—positive tests during the Omicron surge, and sequencing confirmed that
more than 95% of samples that could be sequenced showed evidence of reinfection. Our findings corrob-
orate the high levels of reinfections with the Omicron variant (10) and show that reinfection could occur
in vaccinated and immunocompetent individuals. However, sequence-validated reinfections rarely led to
hospitalization and were infrequent in children.

There are several limitations to this study. First, our cohort might be biased by selecting a pool tested in
a single laboratory. We cannot obtain a true rate of reinfections compared with total cases using our cohort,
as many patients may have been tested outside of our system, and others might have not sought medical
care after having a prior infection. Second, there was a large proportion of genomes that failed sequencing.
The reason for this is not always clear; however, successful sequencing is highly dependent on viral RNA
load, and thus the failed sequences are likely due to lower viral load. However, there is not sufficient evi-
dence to determine the rate at which the failed sequences in the post—90-day—positive samples may be due to
reinfections with low viral load or a low-level persistence. It has been shown that residual immunity slowly
wanes over approximately a year after an infection (17), which is about the time when sequence-validated
reinfections spiked after the initial infection. Third, the vast majority of reinfections happened over a small
period of time when Omicron predominated, which indicates that the circulating variants have a large effect
on the likelihood of reinfection. The Omicron variant is immunologically distinct from prior variants, which
might have resulted in incomplete protection from Omicron (11). Thus, as we surveil for reinfections, the
likelihood for reinfection at any given time will likely be dependent on the similarity of the circulating vari-
ants to prior variants. Similarly, although persistence of the initial genome is rare in the post-90-day—positive
samples currently, future variants may show a different propensity toward persistence. Continued sequencing
is necessary to determine new trends that may arise. Finally, hurdles to testing or lack of testing due to mild
symptoms may be disproportionately represented in some groups, such as children, and reinfections would
thus be underrepresented in this study.

Interestingly, we showed that immunocompetent, previously infected, young healthy individuals are
experiencing SARS-CoV-2 reinfections, primarily with the Omicron variant. In most cases, patients were
symptomatic during initial and reinfection, and the majority of samples were from patients that were
vaccinated and not immunosuppressed, which is consistent with other reports of immune escape by
the Omicron variant (18). The low rates of reinfection in male patients overall and in children under
the age of 18 might be related to sampling bias, as discussed above. However, the decreased rates of
proven reinfection or inferred reinfection in children may be due to low viral load. The evidence for this
is that, despite there being similar rates of post—90-day—positive tests in children compared with adults,
the rate of failure was high in children in the second sample. Alternatively, the low rates of reinfection
could be due to lower rates of testing due to relatively mild infections in this group, decreased rates of
infection or testing early in the pandemic in this group (19), or, possibly, an increase in at home testing.
There remains a large discrepancy between the number of sequence-validated reinfections and post—90-
day—positive tests in female compared with male patients, which could represent an increased risk of
reinfection for female individuals. However, these findings could also be associated with other variables,
including the frequency of testing, as discussed above.

Overall, these data suggest that a positive test for SARS-CoV-2 90 days from the initial test was most
likely due to a repeat infection and that reinfections can occur in immunocompetent and vaccinated
individuals. Despite seeing a large increase in sequence-validated reinfections with the Omicron vari-
ant, there still appears to be protection from severe disease in this group, as only 2 of the patients with
sequence-validated reinfections were hospitalized. This is consistent with previous findings from Califor-
nia and New York, showing low rates of hospitalization in cases of reinfections (12).
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Figure 2. Sequence-validated reinfections. (A) Bar plot of total sequenced variants with high-quality genomes (n = 11,024). (B) Bar plot of variants that have
caused sequence-validated reinfections (n = 45). (C) Bar plot of variants that caused initial infection in sequence-validated reinfections (n = 45). (D) Bar plot
of symptoms in patients with reinfection separated by vaccination status (n = 32 vaccinated, n = 12 unvaccinated). (E) Kernel density estimator (KDE) plot of
age of patients with reinfection separated by vaccine status (n = 32 vaccinated, n = 12 unvaccinated). (F) KDE plot of days from initial infection to reinfection
by vaccination status (n = 32 vaccinated, n = 12 unvaccinated). (G) Bar plot of symptoms in patients with reinfection separated by immune status (n = 38
competent, n = 7 suppressed). (H) KDE plot of age of patients with reinfection separated by immune status (n = 38 competent, n = 7 suppressed). (I) KDE
plot of days from initial infection to reinfection by immune status (n = 38 competent, n = 7 suppressed).

Methods

Sample criteria/inclusion. SARS-CoV-2 molecular testing for asymptomatic screening or diagnosis was per-
formed at Johns Hopkins Diagnostic Laboratory using NeuMoDx (Qiagen) (20, 21), cobas (Roche) (20),
Aptima (Hologic), Xpert Xpress SARS-CoV-2/Flu/RSV (Cepheid) (22), ePlex respiratory pathogen panel
2 (Roche) (23), Accula (24), or RealStar SARS-CoV-2 assays (altona Diagnostics) (25). Testing was per-
formed in accordance with the manufacturers’ instructions and the Johns Hopkins laboratory’s validated
protocols. Patients with greater than 1 positive SARS-CoV-2 test were identified and were included if final
and initial positive tests were more than 90 days apart. Samples were matched to our sequencing surveil-
lance database for sequencing information.

Sequencing. Specimens were extracted as previously described (18, 26). Library preparation was per-
formed with the NEBNext ARTIC SARS-CoV-2 companion kit(E7660-L), with either VarSkip Short
(V1 or V2) (New England Biolabs) or Artic V3 primers (Integrated DNA Technologies), or as described
previously (18). Oxford Nanopore Technology GridION was used for sequencing, and reads were base
called with MinKNOW. Demultiplexing was performed with guppy barcoder, with barcoding required
at both ends. Alignment, consensus sequence generation, and variant calling were performed with Artic
using the Medaka pipeline. Mutations requiring further analysis were reviewed with Integrated Genom-
ics Viewer. Clade determination was performed via NextClade CLI v1.4.5 (27).

Genome analysis. We defined genomes with coverage of more than 90% and depth more than 100 as
successfully sequenced genomes, and these were used for further analysis. Samples were given an initial
determination as reinfection or persistence of initial genome based on whether there was a change in clade
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assigned by NextClade. Afterward, the consensus genomes for each patient were manually reviewed in
NextClade and/or Integrated Genomics Viewer to provide a final determination on reinfection or per-
sistence. The manual review took into account the initial clade call, the clade call in the later sample, pre-
dominance of the clade at the time of the post-90-day—positive test, presence of any unique mutations, and
genome quality as appropriate.

Statistics. Welch’s 2-tailed ¢ tests and y? analysis were performed to show associations depending on the
variables evaluated. A P value less than 0.05 was considered significant.

Study approval. Research was conducted under a Johns Hopkins IRB-approved protocol IRB00221396,
with a waiver of consent. Sequencing was performed on remnant clinical specimens from patients who
had tested positive for SARS-CoV-2 after clinical testing was performed. Whole genomes were made
publicly available at GISAID (see Supplemental Tables 1 and 2).
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